The dendroclimatologic potential of some Araucariacae of New Caledonia (including Agathis, or 17 kauris, and Araucaria) is assessed using ring thickness and δ 
Tree-rings and the climate of New Caledonia (SW Pacific). 1 Preliminary results from Araucariacae. , Stievenard Michel (3) , Nasi Robert (2) , 4
Masson-Delmotte, Valérie France. 10 density profiles measured along 10 equally spaced radii drawn from the bark toward the growth axis, 26 and 10 to 20 master rings, that can be easily identified on the whole disk. Growth bands visible on less 27 than 5 radii were discarded. Our method is similar to the cross-dating method used by 28 dendrochronologists, except that it is applied here to a single tree disk. Our samples consist of three 29 disks of Agathis lanceolata, one disk of A. ovata, and one disk of Araucaria columnaris. Multiple 30 regressions have been computed between composite profiles and climatic variables i.e. monthly and 31 yearly temperatures and rainfall amounts. The best correlation is found between the width of the ring 32 growing between July (n-1) and June (n) with the rainfalls of June (n), June (n-1) and June (n-2).
33
Monthly rainfalls allow to explain between 20% to 50% of the ring thickness variance, a result similar 
Introduction 48 49
New Caledonia is an island group in the SW Pacific (figure 1) that experience currently El 50
Niño-Southern Oscillation (ENSO) climatic events. During standard conditions, the surface 51 waters of the tropical Pacific ocean are warm (28°C-29°C) in the West and cold (22°-23°C) in 52 the East. The so-called warm water pool is related to increased evaporation and precipitation. 53
During El Niño events, this warm pool is displaced toward the East on the whole equatorial 54 band and the Western Pacific experiences dryer than usual conditions. During the opposite La 55
Niña situation, the warm pool and the associated heavy precipitation zone migrate farther to 56 the West (Philander, 1990) . Since ENSO phenomena are dominated by time periods spanning 57 from 3 to 9 yrs, high resolution proxies are required for their study (Rodbell et al., 1999) . Porites corals were temperature-dependent and thus could potentially provide pluricentennial 67 high resolution ocean temperature reconstructions. However, the main island of New 68
Caledonia is a large landmass of nearly 170.000 km 2 including a continuous central mountain 69
range of an average 1000 m altitude. Its climate should therefore not only be controlled by the 70 ocean.
In the temperate climatic zone, and where one climate parameter is a limiting factor 72 for growth, tree rings are widely used to build annually resolved climate reconstructions (e.g. 73 Schweingruber, 1996 Araucaria, all endemic, representing 45 % of the species of the family globally (Manauté et 88 al., 2003) . Some of these species are growing on poor ultramafic-derived soils, in particular, 89
Agathis lanceolata, which is present as an emergent tree in the rainforest of the south of the 90 main island. Owing to its use as construction material during the 19 th century A. lanceolata 91 almost disappeared from New Caledonian forests and as a result, it presently benefits from an 92 integral protection. A. ovata, another long-living tree endemic to New Caledonia, grows also 93 on ultramafic-derived soils, generally just below mountain passes. Individuals having a trunk 94 circumference of more than 2 m are common. Cherrier and Nasi (1992) have repeated 95 circumference measurements on 146 individuals of A. ovata and A. lanceolata over a 10 years 96 interval. They deduced a circumference growth of 0.2 to 0.5 cm/yr for A. lanceolata and 0.1 97 to 0.5 cm/yr for A. ovata. The maximum growth was obtained for samples having a diameter 98 between 60 and 150 cm while some small diameter individuals had almost zero growth. 99
Moreover, it is known that Agathis growing in ornamental plantations have larger growth 100 rates than in natural forests, since they are generally planted at a comfortable distance from 101 each other, and they benefit from a soil worked down to near 1 m depth and generally 102 enriched with fertilizer (Whitmore, 1980 (Nasi, 1982) have shown that these trees were producing generally one growth band per 111 year. Some samples, having a dbh of 50 cm, were estimated to be as old as 350 yrs. As some 112
Agathis living in New Caledonia are more than 5 m in diameter, this implies that the potential 113 of availability of climatic records is more than a millennium. However, seasons are less 114 marked in New Caledonia than in New Zealand and no relationship between climatic 115 variables and the thickness of growth bands of trees has been proved there. Moreover, Nasi 116 (1982) has shown that Agathis produced anomalous growth bands, that were only present on 117 part of the tree circumference. Such anomalous bands are common on tropical trees (Stahle, 118 1999) . They have been attributed by Priya and Bhat (1998) to the occurrence of dry periods 119 during rainy seasons, inducing the formation of latewood, or to rainy events during the dry 120 seasons, that promote transient growth. According to the current practice of 121 dendrochronology, growth bands will be termed either as rings, when they are assumed to 122 correspond to a full growth year, or as false rings, if otherwise. In addition, kauris commonly 123 present off-centered growth axes, especially when they grow in windy areas or on steep 124
slopes. This could hinder correct interpretation of cores, which are usually drilled toward the 125 geometrical axis of the tree. 126
The present paper aims to assess the potential for climatic studies of Agathis 127 lanceolata including comparison with the related species of A. ovata, both of which are 128 endemic to New Caledonia and growing on ultramafic soils. These species are compared with 129
Araucaria columnaris, using a sample growing on soil derived from continental rocks. In 130 order to gather bidimensional information on growth bands structure, we use whole disks 131 sawn perpendicularly to the trunk at about 1 m height. We will first describe our samples, 132 then the method used to obtain the mean geometric characteristics of rings from a disk. In order to compare the growth of different species, our study includes a sample of A. 165 ovata (O1) of dbh 100 cm, growing at 440 m altitude on peridotites, just below the Col du 166 Cintre (figure 1). Since this tree, in contrast to the Agathis lanceolata individuals, was 167 growing in a well drained area, perhaps it is more sensitive to drought. Unfortunately, it was 168 partly rotten so that only the external 15 cm could be interpreted. Based on extrapolation of 169 the 150 rings counted within these 15 cm, the whole individual was assumed to contain 400 to 170 500 rings. 171
We included in our study an individual of Araucaria columnaris (C1) growing at 172 Noumea (figure 1) on soils derived from a parent rock consisting of alternating silt and clay 173 layers and thus richer in nutrients than ultramafic-derived soils. Our disk was 45 cm in 174 diameter and included about 50 rings. 175
Our limited sampling was insufficient to allow the reconstruction of a chronology 176 from New Caledonian Araucariacae. Nevertheless, this preliminary study aims to assess the 177 sensitivity to climate of ring thicknesses and the variability of this sensitivity. In order to use the information present on the whole disk, we have computed the total 234 integrated ring thickness, starting from a digitized image of the disk. First attempts to detect 235 automatically the band limits were unsuccessful due to the following reasons: (i) the optical 236 density and thickness of a given band change along its circumference, (ii) the non constant 237 number of bands along different radii, (iii) the presence of radial structures having an optical 238 density similar to that of band limits (see figure3). However, for our L1 and C1 samples, 239 growth bands were wide enough to be traced directly on a paper on which automatic detection 240 of their limits was worked out. Due to a mean band thickness below 1 mm, and due to the 241 large number of bands, this method could not be applied for our other samples. Our composite 242 method relies on information from 10 equally spaced radii of a disk and from 15-20 master 243 rings visible along the whole circumference. Master rings are commonly used in 244 dendrochronology for cross-dating several tree samples. Usually, they represent years of 245 growth that can be easily identified from several trees from a given area (Schweingruber, 246 1996) 
Master rings were first drawn manually on the digitized disk image using the magnetic pen 248 tool of Adobe Photoshop software and were assigned a thickness that makes them easier to 249 detect. The band limits were then numerically detected within 50 pixels wide strips around the 250 10 radii, using the following iterative method: the sum of the optical densities along a series 251 of directions within less than ten degrees from the previous band limit is computed over the 252 50 pixel wide strip. The next band boundary is defined by the direction of maximum 253 cumulated optical density. This direction is then used as the central direction for computing 254 the next band boundary. The first band boundary is assumed to be perpendicular to the radius. 255
This produces a mean optical density profile where band boundaries appear as maxima and 256 the master rings are absolutely black. The detection of band boundaries involves manual 257 adjustment of some parameters for each radius (e.g. mean optical density, width and optical 258 density range for detection of a band limit). Finally, it yields a band limit detection equivalent 259 to manual measurements. 260
The last step consists of integrating the information of the 10 individual radii to 261 compute a mean ring thickness profile. A simple average of the 10 individual profiles will 262 result in a poor signal-to-noise ratio on the mean profile since growth bands from the same 263 time period do not correspond on the different profiles, due to the presence of false rings. 264
Things are not significantly improved if the time scale of each profile is deformed to allow 265 correspondence of the master rings: the different profiles can be averaged only on a narrow 266 zone around each master ring, as long as no incomplete ring is observed. This led us to 267 identify incomplete rings and to introduce a zero thickness band when they are not present on 268 a given profile. Starting from the longest radius, such a zero thickness growth band is inserted 269 in the next profiles at each place where a band disappears. It is assumed that the thinnest 270 bands are the most likely to disappear. Then growth bands present on less than 5 radii areconsidered as false rings, and the thicknesses of true rings are averaged to produce the mean 272 profile. This arbitrary limit of 5 radii produces a composite profile with the same number of 273 rings as that of the longest radius. This implies that the number of false rings on this radius is 274 equal to the number of rings which cannot be detected on it, although they are considered as 275 true annual rings, since they are present on more than 5 other radii. The threshold of 5 radii 276 complies with the result obtained by Nasi (1982) from annual marking of 12 different trees 277 during seven successive years. Moreover, this value maximizes the correlation with climatic 278 data (see below). However, since it is established on a statistical basis, our composite profile 279 may include some false rings, while some true rings are lacking. Figure 4 represents the ring 280 thicknesses obtained for L3 along the long radius, the short radius, and the composite profile. 281
They are compared with climatic data recorded in Noumea and with the SOI. In the next 282 sections, we apply signal analysis methods to assess the climatic information included in these 283 composite profiles. 284 285
Spectral density analysis 286 287
Some of our profiles seem to present periodicities, which led us to a preliminary 288 frequency analysis. Since spectral analysis is not the main topic of the paper, a simple and 289 robust method is adopted here. As the Fourier transform of the signal is known to produce 290 noisy spectra, the Fourier transform of the autocorrelation function is used here instead (Press 291 et al., 1992). Taking the autocorrelation enhances periodic components of the signal. 292
Moreover, the larger lag components of the autocorrelation function, which are those who 293 introduce noise in the spectrum, are discarded with windowing techniques. This method is 294 easy to implement, robust (Oppenheim and Shafer, 1974) and may be applied for various 295 length data such as our three ring thickness profiles. The composite profile of L3 presentsonly one noticeable period at 22 yrs, while the short radius does not present any clear 297 periodicity and the long one exhibits only one peak at 6.6 yrs. Our sample L2 did not produce 298 any marked periodicity, while O1 presents marked periods at 28, 17 and 8 yrs. For the 299 climatic variables, rainfall data present a smooth peak at 20 yr and a large spectral content for 300 periods longer than 4 yrs without any clear additional peak, while temperature presents two 301 marked peaks at 21 and 2.3 yrs. These results confirm the visual impression that our samples 302 present marked periodicities. Pvalue less than 5% are ruled out. This method is well suited for highly correlated variables, 331 such as our climatic data (Radhakrishna and Rao, 1967; Wang and Chow, 1994) . In order to 332 include non linear combinations of climatic variables, tests were also performed with their 333 logarithms, since adding logarithms results in the logarithm of the product of the variables, 334 but these tests did not allow the extraction of any significant variable. 335
The correlation results are summarized in table 1. Monthly rainfalls are denoted by P, 336 followed by the name of the month and the number of the year. so that PJune(n) is the rainfall 337 of the month of June of the growth season. Correlations have also been computed for different 338 radii numbers on which a growth band should be present to be considered as a true ring. This 339 resulted in a broad maximum for 5 radii. Therefore this value has be adopted to build the 340 composite profiles. The first observation is that temperature does not appear in this table. This 341 does not mean that temperature does not influence growth, since rainfall and temperature are 342 correlated. In fact, generally negative yet significant correlations appear with monthly 343 temperatures if rainfalls are discarded from our analysis. Such correlations have also been 344 found by Buckley et al. (2000) for kauris of Northern New Zealand. However, these 345 correlations vary largely between our individuals, even if they belong to the same species. 346
The second observation is that only low total or partial explained variance can be 347 obtained. Thus, our data have also been run with the DENDROCLIM software, which is 348 devoted to cross correlation analysis of tree rings and has been benchmarked by Biondi Based on our correlation analysis, the sample L3, only, will be suitable for building future 364 chronologies of New Caledonia. 365
However, it is noteworthy to notice that all our samples present a statistically 366 significant correlation with the rainfall of the month of June of the growing season, of the 367 previous season, or with that of the year before. We have verified that this correlation relied 368 only on external rings. This is an indication that no systematic over-or-undersampling is 369 introduced in our ring counting process. The correlation with PJune (n-1) and PJune(n-2) may 370 be due to the accumulation of nutrients in the root of the tree, which are used during thecoming growing seasons extending from July to June of the following years. Accumulation in 372 the root system of carbohydrates which are further used during a growth season is common 373 for trees (see for example Jacoby and D'Arrigo, 1990). The correlation with PJune(n-1) and 374 PJune(n-2) observed for our sample L3 may be an indication either that for a poor soil and a 375 very thin organic cover, accumulation of nutriments inside the root system may be needed for 376 more than one year before growth, or that one true ring has been misinterpreted as a false ring 377 in the external part of this sample so that all inner rings are shifted one year in the past. On the 378 other hand, higher rainfall during June(n) may extend the duration of the growth season, 379 which could explain the positive correlation with PJune(n). The presence of Pjuly in two of 380 the regressions could reinforce these hypotheses. 381
For our sample L3, presenting the best correlations with climate, it appears that these 382 correlations are only obtained with the composite profile while the individual profiles present 383 much lower correlations. As a consequence, our results can not be applied to data obtained by 384 
